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Abstract: Room-temperature large-scale highly ordered nanorod-patterned 
ZnO films directly integrated on III-nitride light-emitting diodes (LEDs) are 
proposed and demonstrated via low-cost modified nanoimprinting, avoiding 
a high-temperature process. with a 600 nm pitch on top of a critical 200 nm 
thick Imprinting ZnO nanorods of 200 nm in diameter and 200 nm in height 
continuous ZnO wetting layer, the light output power of the resulting 
integrated ZnO-nanorod-film/semi-transparent metal/GaN/InGaN LED 
shows a two-fold enhancement (100% light extraction efficiency 
improvement) at the injection current of 150 mA, in comparison with the 
conventional LED without the imprint film. The increased optical output is 
well explained by the enhanced light scattering and outcoupling of the ZnO-
rod structures along with the wetting film, as verified by the numerical 
simulations. The wetting layer is found to be essential for better impedance 
matching. The current-voltage characteristics and electroluminescence 
measurements confirm that there is no noticeable change in the electrical or 
spectral properties of the final LEDs after ZnO-nanorod film integration. 
These results suggest that the low-cost high-quality large-scale ZnO-
nanorod imprints hold great promise for superior LED light extraction. 
©2013 Optical Society of America 
OCIS codes: (230.3670) Light-emitting diodes; (220.4241) Nanostructure fabrication. 
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1. Introduction 
In recent years, III-nitride light-emitting diodes (LEDs) have gained significant attention 
because of their high performance in lighting. InGaN/GaN LEDs find other important 
applications as well, e.g., display backlights and indicator lamps [1]. In these LEDs, a 
significant portion of the light generated in the GaN epi-layers is trapped inside due to the low 
light extraction efficiency (LEE) [2]. The critical angle for the total internal reflection is 23.6° 
in GaN (e.g., n = 2.5 at 440 nm) when interfaced with air (n = 1). Thus, the resulting 
extraction efficiency from the planar GaN surface into the air is only about 4% of the 
generated light [3]. To improve LEE, several techniques have been reported to date, including 
those of random surface texturing and photonic crystal structuring on the top [4, 5]. Also 
integrating interdigitated mesa patterns has been previously proposed [6]. For surface 
roughening, a common technique is based on photo-electrochemical etching [7]. Recently, 
remarkable investigations on the LEE of GaN-based LEDs have also been reported 
employing ZnO nanostructures [8–12]. Using ZnO can effectively reduce the internal 
reflection due to the fact that the refractive index of ZnO is about 2, which is close to but 
smaller than that of GaN (n = 2.5). In addition, ZnO exhibits over 90% optical transparency in 
the visible region. In these previous reports, ZnO nanorod arrays (NRAs) were formed either 
by using metal-organic chemical-vapor deposition (MOCVD) [8], hydrothermal synthesis [9, 
10], or nanoimprinting method [11, 12]. Among them, ZnO NRAs grown by MOCVD system 
have exhibited a high level of 100% LEE enhancement from GaN LEDs at the current 
injection of 50 mA compared to the conventional GaN LEDs [8]. In this case, although 
MOCVD resulted in high-quality ZnO, its growth required a high temperature process 
following GaN/InGaN epitaxy, adversely impacting electrical properties of the final devices. 
Such adverse effects undesirably lower the current injection efficiency and/or internal 
quantum efficiency of the integrated devices, although the light extraction efficiency is 
increased. On the other hand, ZnO nanorod arrays formed by the hydrothermal synthesis led 
to only 70% LEE improvement in comparison to the conventional LEDs [10]. This was 
unfortunately lower than that of the MOCVD-grown ZnO NRAs. Additionally, the 
hydrothermal synthesis method required a time-consuming process (typically several hours) 
for the growth of these ZnO nanorods. This disadvantage limits their wide-scale use and 
commercialization potential. As an alternative to MOCVD and hydrothermal synthesis, 
nanoimprinting is a promising way of realizing large-scale production of ZnO nanorods. 
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However, the LEE improvement with nanoimprinted ZnO-nanorod arrays has been limited to 
date. The previous reports reached the LEE enhancement levels of 20.5% [11] and 41.9% 
[12] when compared to the conventional GaN LEDs grown on flat c-plane substrate. 
Although these demonstrations were important for showcasing the use of nanoimprinting for 
ZnO-based light extraction features, the reasons of smaller LEE improvement need to be 
investigated. The LEE level achievable using nanoimprinting ZnO structures needs to be 
increased to the extent at least comparable to those previously reported using other methods 
or even better so that the nanoimprinting method can show its full potential in the fabrication 
of ZnO nanorods for lighting extraction from GaN LEDs. However, this requires the 
imprinting of large-scale high-quality ZnO structures, desirably in architectures favorable for 
100% LEE improvement. 
In this work, we show room-temperature larger-scale highly ordered nanorod-patterned 
ZnO films on InGaN/GaN LEDs via modified nanoimprinting for 100% LEE improvement. 
Here, we propose and demonstrate a cost-effective, efficient ZnO nanoimprinting process to 
directly create the large-scale ordered ZnO nanorods, along with a wetting film, on top of the 
LEDs for excellent LEE enhancement. By addressing the potential issues and difficulties in 
the previous works leading to the lower LEE improvement through the combination of 
dimension-optimized ZnO nanorods and ZnO wetting film of proper thickness, the optical 
output power of the GaN LEDs integrated with the designed ZnO-nanorod imprints is found 
to be improved twofold, resulting in an excellent LEE enhancement level of 100% as in the 
case of using ZnO MOCVD growth. Numerical simulations were also performed to confirm 
the effectiveness of our measures enabling the substantial improvement in the LEE in this 
work. These results suggest that the modified method of ZnO imprinting holds great promise 
for the LEE enhancement, potentially with the same level of improvement as ZnO MOCVD 
growth, with the additional advantages of avoiding a high-temperature process and keeping 
the same electrical and spectral properties without any adverse effects on the current injection 
or internal quantum efficiency. 
2. Experiments 
The studied GaN LEDs grown by our MOCVD system consist of a buffer layer, a Si-doped 
GaN layer and InGaN-GaN multiple quantum wells (MQWs), followed by Mg-doped GaN 
[13, 14]. The active region contains 5-pair quantum well stack (In0.18Ga0.82N/GaN with 3 nm 
thick wells and 12 nm thick barriers). The devices were fabricated using standard fabrication 
process. The LED mesa was patterned through reactive ion etching with a size of 350 µm × 
350 µm. A Ni/Au (5 nm/5 nm) film was deposited as the semi-transparent current spreading 
layer on the defined mesa, and then the thermal annealing was performed in the mixture of N2 
and O2 for 5 min at 525 °C. Finally, Ti/Au (30 nm/150 nm) was deposited on the n-GaN layer 
and the current spreading layer as the n and p electrodes. 
The ZnO nanorod pattern fabrication process is briefly shown in Fig. 1(a). A 
polydimethylsiloxane (PDMS) mold was first prepared using the patterned silicon master 
substrate. The ~2 µm thick photoresist was patterned with lithography process by exposing 
the top area where ZnO-nanorod arrays are to be imprinted. The excessive photoresist was 
thinned down to the same level of top mesa edge by O2 plasma. Subsequently, the large-scale 
ordered ZnO-nanorod films were directly imprinted using the precursor solution mixture, 
different than the recently reported pattern replication approach of non-wetting templates 
(PRINT) [15], in which the sol-gel ZnO nanoparticles are first produced. Figure 1(a) briefly 
illustrates the proposed modified imprinting technique used here to fabricate ZnO-nanorod 
arrays. A polydimethylsiloxane (PDMS) mold was first prepared using the patterned silicon 
master substrate. The PDMS mold was pressed on the GaN LED that was coated with ZnO 
precursor solution using drop-casting. The ZnO precursor solution mixture was composed of 
0.1 M Zn(Ac)2 solution and 0.1 M diethanolamine (DEA). The substrate was then heated for 
solvent evaporation. Subsequently, the mold was peeled off, leaving behind the periodical 
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pillar arrays. Finally, the as-prepared sample was annealed at 250 C̊ for 30 min. The 
photoresist was then removed by acetone, leaving behind only the large-scale ordered ZnO-
nanorods at top area and exposing the N-pad region. It should be noted that a ZnO wetting 
layer was formed underneath the ZnO nanorod arrays during the nanoimprinting process. A 
ZnO wetting layer thickness can be varied by controlling the coating thickness of the ZnO 
precursor solution, the concentration of Zn(Ac)2 solution in ZnO precursor solution, and the 
pressure applied on the PDMS mold. Figure 1(b) shows the ZnO-nanorod arrays on the mesa 
area of a single LED die. 
 
Fig. 1. (a) Modified imprinting process of ZnO-nanorod arrays: (I)-(III) illustrate the processes 
of transferring the pattern from the master plate to the PDMS mold, and (IV)-(VI) illustrate the 
processes of transferring the pattern from the PDMS mold to a GaN LED. (b) Schematic 
drawing of the nanorod-imprinted ZnO film directly integrated on a GaN LED. 
3. Results and discussion 
Figure 2(a) shows the optical image of the ZnO-nanorod arrays imprinted on the GaN LED 
where obvious blue reflection from the ZnO-nanorod arrays (resulting from the preferential 
scattering of the incoming light in blue off the nanorod arrays) is observed. Figure 2(b) 
presents the imprinted ZnO-nanorod arrays on the semi-transparent metal surface. The 
enlarged plane-view and tilt-view field-emission scanning electron microscopy (FE-SEM) 
images are given in Figs. 2(c) and 2(d), respectively. As seen from Figs. 2(a)-2(d), the 
imprinted ZnO-nanorod arrays exhibit uniform size distribution on the semi-transparent metal 
electrode, in an architecture designed for a 200 nm diameter and height with a 600 nm pitch. 
 
Fig. 2. (a). Optical image of the ZnO-nanorod arrays imprinted on the GaN LED. (b) Top view 
micrograph image of the ZnO-nanorod arrays, along with their enlarged (c) top view and (d) 
tilt view SEM images. 
The output optical power of the LEDs was measured using an integrating optical sphere. 
Figure 3 shows the light output power (LOP) characteristics of the two fabricated LEDs as a 
function of the injection current. The LOP of the nanorod-film integrated LED (NR-LED) is 
clearly higher than that of the conventional LED (C-LED) without the wetting layer or 
nanorod array at the same injection current. The LOP of the NR-LEDs is twofold of that of 
the C-LED at 150 mA, as shown in Fig. 3. 
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Fig. 3. Light output power as a function of injection current for the NR-LED (with the ZnO 
wetting layer plus ZnO nanorods) and the C-LED (without ZnO film). The inset shows the I-V 
characteristics of LED samples, which are similar with and without ZnO nanorods. 
It is well known that the efficiency of an LED is increased when the LED produces a 
higher level of optical output power while keeping the input electrical power the same. Since 
the forward voltage (Vf) directly influences the input electrical power, Vf should be kept 
constant after incorporating the ZnO nanostructures compared to the initial Vf before 
incorporating them. To address this problem, here we utilize nanoimprinting process to form 
ZnO nanorods at room-temperature and thus induce limited or no damage to the p-electrode. 
The inset of Fig. 3 shows the I-V curves of the NR-LED and C-LED. It can be seen that both 
the I-V curves are similar and no obvious increase of the forward voltage is observed. This 
suggests that the incorporation of these room-temperature imprinted ZnO nanorods does not 
degrade the electrical properties of LEDs. 
Figures 4(a) and 4(b) show the electroluminescence (EL) spectra of the fabricated NR-
LED and C-LED at the injection current levels of 20, 50, and 150 mA, respectively. There are 
no significant differences in the EL peak positions (at 440 nm) of the two LEDs. In addition, 
the two EL spectra have essentially identical normalized spectral shape and linewidth. 
However, EL intensities obtained from the NR-LED were two times of those achieved from 
the C-LED at these injection currents of 20, 50, and 150 mA, which is consistent with the 
results of optical power output measurement shown in Fig. 3. Given that the NR-LED and the 
C-LED are from the same run of MOCVD growth and their EL spectral shape and linewidth 
are identical, we deduce that the 100% improvement in LOP is mainly attributed to the 
improvement of LEE while the internal efficiency of two LEDs remains about the same. 
 
Fig. 4. Electroluminescence (EL) spectra of (a) the NR-LED with wetting layer plus ZnO 
nanorods and (b) the C-LED without wetting layer and ZnO nanorods. 
The much larger improvement in LEE in our case compared to those in [11, 12] is due to 
the structure differences of ZnO nanorod structure. In our work, the size of nanorods is much 
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larger (diameter 200nm and height 200nm) than that in [12] (diameter 100nm and height 
108nm), and is closer to the emitting wavelength which can generate multiple light scatterings 
at the LED surface and makes it more likely for photons to escape from the device. 
Furthermore, the generated light is also extracted through the larger vertical sidewalls of the 
ZnO nanorods. Hence, the total range of angles through which light is coupled out from the 
LED into the air is increased. The larger size of the ZnO nanorods also increases the effective 
refractive index leading to a better match to ZnO refractive index (nZnO = 2.1) of the wetting 
layer and more light can be coupled out because of it. Moreover, compared to the lack of ZnO 
wetting layer in [11] and thinner ZnO wetting layer of 35nm in [12] the presence of 200nm 
ZnO wetting layer in our work is critical in further enhancing LEE, because it provides 
smoother change of refractive index to buffer the refractive index mismatch between the air 
and GaN layer and leads to a more dispersed angular distribution of photons generated in 
MQWs, resulting in a larger escape cone for photons in the NR-LED than in the LEDs 
without ZnO wetting layer or with thinner ZnO wetting layer. 
The qualitatively physical explanation above is further confirmed by a two-dimensional 
finite difference time domain (FDTD) simulation using a commercially available solver from 
Lumerical Inc. A simulation area of 30 µm × 15 µm is constructed to include multiple period 
of two dimensional ZnO nano-patterning. The non-uniform mesh with minimum mesh size of 
0.25nm is used to mesh the simulated structure. Dipole light source is placed in an emission 
layer to replicate the incoherent light radiation generated due to electron-hole pair. The 
incoherent light radiation from the coherent dipole source is generated by rotating the dipole 
source in x, y and z directions and recording transmitted intensity respectively by frequency-
domain field monitor placed outside the simulation structure but within FDTD simulation 
area. These transmitted intensities are then added incoherently to yield incoherent light 
radiation. Physically matched layers are used as boundary condition to surround the 
simulation area in order to absorb any light radiation impinging on it. The numerical 
simulation is repeated for three particular cases; (1) LED with ZnO wetting layer only, (2) 
LED with ZnO nanorods only and (3) LED with both ZnO wetting layer and nanorods (NR-
LED). The LEE is measured at 440nm wavelength in the far-field integrating all extracted 
light radiation in 1° solid angle. Considering the Purcell effect, we simulated the effect of 
ZnO wetting layer and ZnO nanorods arrays on the internal quantum efficiency (IQE). In our 
FDTD simulations we have not found any discernible change in the IQE due to the presence 
of ZnO wetting layer and nanorods array. This can be interpreted because of the reason that 
the active layer in the GaN LED is distant from the ZnO wetting layer and nanorods on the 
top. Thus, the presence of the wetting layer and nanorods does not noticeably affect the dipole 
radiates. 
The LEE measured from the FDTD simulation with respect to change in wavelength for 
three different above mentioned cases is shown in Fig. 5. It can be clearly seen from this 
figure that the LEE for NR-LED with 200nm ZnO wetting layer is 1.9 times (90% 
improvement); whereas, the LEE for NR-LED without 200nm wetting layer is decreased to 
1.7 times to the C-LED. Thus, ZnO wetting layer plays an important role to increase LEE. 
Based on the experimental results, the thickness of ZnO wetting layer also affects the LEE 
improvement and 200 nm ZnO wetting layer thickness is the optimal thickness which can 
provide the largest improvement of LEE given the dimensions of the nanorods arrays adopted 
here. The LEE for LED with 200nm ZnO wetting layer and no nanorods is also shown in Fig. 
5 and compared to that of C-LED there is little improvement in LEE. Therefore, it is the 
combination of optimized ZnO nanorods dimensions and ZnO wetting layer with matched 
thickness that can provide the largest improvement in LEE. The simulation result of 90% 
improvement in LEE here is consistent with the experimental result of 100% LOP 
improvement as shown before, which confirms that LOP enhancement is mainly due to the 
light extraction enhancement. 
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Fig. 5. Numerical FDTD simulation results of light extraction enhancements as a function of 
wavelength for the.LEDs with wetting layer plus ZnO nanorods, with only ZnO nanorods and 
with only wetting layer, respectively. 
Figure 6 shows the simulated 2D intensity pattern of light exiting from LED in four 
different cases: (a) C-LED, (b) C-LED with ZnO wetting layer, (c) C-LED with ZnO 
nanorods and (d) C-LED with ZnO nanorod array on top of wetting layer. As shown by Fig. 
6(a), most of the light that is generated in the active region of the LED, suffers the total 
internal reflection and is trapped within the LED structure. With the help of 200 nm thick 
ZnO wetting layer more amount of light can escape out the LED structure since ZnO wetting 
layer allows increase in the critical angle at air-ZnO boundary. In Fig. 6(c), light emission 
from the LED structure is studied with only ZnO nanorods. In this case, no ZnO wetting layer 
is present which helps to out-couple more light from the LED structure as shown in Fig. 6(b). 
However, with only ZnO nanorods present on the top of GaN LED surface, LEE of 1.7 times 
can be achieved due to multiple scattering from the side walls within ZnO nanostructure and 
emission from top surface [16,17]. In the last case, light scattered from ZnO nanorod array on 
the top of the ZnO wetting layer is shown by Fig. 6(d). In this case, both wetting layer and 
nanorod array assist in to escape more light from the GaN LED that is trapped inside 
achieving the LEE of 1.9. Thus, the ZnO wetting layer out-couples more light into the air 
whereas, ZnO nanorods allows light enhancement due to multiple scattering from the 
sidewalls and top surface. 
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Fig. 6. 2D light intensity pattern from numerical FDTD simulation in case of (a) C-LED, (b) 
C-LED with ZnO wetting layer, (c) C-LED with ZnO nanorod array and (d) C-LED with ZnO 
nanorod array on top of ZnO wetting layer. 
4. Conclusion 
In summary, large-scale ordered ZnO nanorods have been integrated on the GaN LED by a 
simple, cost-effective and efficient nanoimprinting method. The introduction of the imprinted 
ZnO nanorods does not degrade the electrical properties of the final LEDs thanks to the room-
temperature processing, unlike the previous reports. As a result of light scattering effect 
combined with the enhancement of light extraction through the ZnO nanorod sidewalls, the 
LEE of the integrated ZnO-nanorod/GaN LED is remarkably improved. In comparison with 
the conventional LED, a 100% improvement in the light emission efficiency has been 
observed. This integration method holds great promise for improving the light extraction of 
LEDs to achieve the high-power LEDs. 
Acknowledgments 
This work is supported by the National Research Foundation of Singapore under Grant No. 
NRF-CRP-6-2010-2 and NRF-RF-2009-09 and the Singapore Agency for Science, 
Technology and Research (A*STAR) SERC under Grant No. 112 120 2009. 
 
#195455 - $15.00 USD Received 8 Aug 2013; revised 23 Sep 2013; accepted 9 Oct 2013; published 30 Oct 2013
(C) 2013 OSA 4 November 2013 | Vol. 21,  No. 22 | DOI:10.1364/OE.21.026846 | OPTICS EXPRESS  26853
